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Summary 

Cytomegalovirus (CMV) is a major  source of morbidity for immunocomprom-  
ised patients,  such as A I D S  patients. The folic acid antagonists have not been ex- 
plored as potential  antiviral agents against CMV. We examined the effects of 
methotrexate ,  compared  to acyclovir and ganciclovir, on both murine CMV 
(MCMV) and human CMV (HCMV) in vitro. Using a plaque assay in mouse em- 
bryo cells or human foreskin fibroblasts for MCMV and H C M V  respectively, we 
found that methotrexate ,  in micromolar  concentrations, was a potent  inhibitor of 
both viruses. This effect was due to folic acid antagonism since folinic acid abro- 
gated the antiviral effect of methotrexate, but not ganciclovir. Cellular toxicity due 
to methot rexa te  appeared  insufficient to account for the antiviral effects. The abil- 
ity of methot rexa te  to inhibit CMV in vivo merits exploration. 

Methotrexate ;  H u m a n  cytomegalovirus; Murine cytomegalovirus 

Introduction 

Cytomegaloviruses,  which cause infections in a variety of vertebrates including 
man,  are members  of the Herpesvir idae (Weller, 1971). In humans,  cytomegalo- 
virus (CMV) infections are common,  but diseases due to CMV are largely con- 
fined to infections in utero and infections of individuals with abnormalities of im- 
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mune defenses (Betts, 1977). Because of the rising incidence of serious CMV 
infections in individuals with abnormal host defenses, there is a search for agents 
with antiviral activity against this virus. 

Very little information is available concerning the effect of folate antagonist drugs 
on CMV replication in vitro or in vivo. We have examined the effects of metho- 
trexate, an inhibitor of dihydrofolate reductase, on the in vitro replication of both 
murine CMV (MCMV) and human CMV (HCMV). Our results indicate that 
methotrexate is a potent inhibitor of the replication of both viruses. 

Methods 

Reagents 
Methotrexate, thymidine and folinic acid were purchased from Sigma Chemical 

Company (St. Louis, MO). Ganciclovir was provided by Syntex Corp. (Palo Alto, 
CA) and acyclovir was provided by Burroughs Wellcome Corp. (Research Tri- 
angle, NC). [3H]thymidine (84 mCi/mol) and [3H]uridine (40.2 mCi/mol) were 
purchased from New England Nuclear (Boston, MA). 

Cell culture 
Mouse embryo cells (MEC) were prepared from the embryos of late term preg- 

nant CD-1 mice by trypsin-EDTA desegregations. Human foreskin fibroblast cells 
(HFF) were prepared from newborn foreskins by collagenase treatment. MEC and 
HFF were maintained as monolayers in 75 cm 2 tissue culture flasks using Eagle's 
minimum essential medium (MEM) containing 10% fetal calf serum (FCS), 100 
units/ml penicillin, and 50 ~g/ml gentamicin. 

Viruses 
Murine cytomegalovirus (MCMV), obtained from M.C. Jordan (University of 

Minnesota, Minneapolis, MN), has been maintained by serial passage in BALB/c 
mice. Virus inoculum was prepared by inoculating mice intraperitoneally with 1× 105 
plaque forming units (PFU) of MCMV in 0.2 ml phosphate buffered saline (PBS). 
Seventeen days after infection, the mice were killed and the salivary glands pre- 
pared as a 10% (w/v) homogenate in MEM, 10% dimethylsulfoxide (DMSO), 10% 
FCS, and antibiotics. The stock virus, which contained 1.5 × 107 PFU/ml MCMV, 
was stored at -70°C. 

The AD 169 strain of human cytomegalovirus (HCMV) was obtained from 
American Type Culture Collection (Bethesda, MD). Stock virus was prepared by 
infecting monolayers of HFF in 75 cm 2 tissue culture flasks at a multiplicity of in- 
fection of 0.1. Seven to ten days after inoculation, when viral cytopathic effects 
involved 100% of the cells, the culture supernatants were collected, clarified by 
low speed centrifugation, and stored at -70°C. 

Plaque reduction assays 
Quantitation of MCMV and HCMV was performed by plaque assay in MEC (24 

well tissue culture plates) or HFF (25 cm 2 flasks) monolayers respectively, using 
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an overlay of MEM 10% FCS, 0.02 M HEPES, antibiotics, and 1% methylcellu- 
lose. 

Assay of compounds for antiviral activity against MCMV was performed by 
plaque reduction using MEC monolayers prepared in 24-well tissue culture plates. 
Monolayers were inoculated with 50 PFU MCMV in 0.1 ml of MEM with 10% 
FCS, and antibiotics and adsorbed for 1 h at 37°C. The monolayers were covered 
with 2 ml MEM, 10% FCS, 0.2 M HEPES, and 1% methylcellulose and various 
concentrations of drug. After 5 days, the cells were fixed with ethanol, glacial acetic 
acid, and formalin (6:2:1) (EAF) and stained with 1% crystal violet. 

Assay against HCMV was performed in HFF monolayers grown in 25 cm 2 flasks. 
Monolayers were inoculated with 200 PFU HCMV in 0.5 ml medium for 1 h at 
37°C, then overlaid with 5 ml 1% methylcellulose solution containing various con- 
centrations of drug. After 12 days the monolayers were fixed with EAF and stained 
with 1% crystal violet. For both cell types, assays were conducted twice and each 
individual sample performed in triplicate. The number of plaques were plotted as 
a function of drug concentration and the concentration of drug producing 50% re- 
duction in plaque formation, the effective dose 50 (i.e. 1 EDs0 ), was determined. 

Drug cytotoxicity 
The effect of the various compounds on a variety of cell functions was assessed. 

l x  105 MEC or HFF in MEM containing 10% FCS, and antibiotics were seeded 
into 6-well tissue culture plates. Two hours after seeding, the cells were exposed 
to either no drug, or 0.1, 1.0, and 10 EDs0 of the drug to be tested. In addition, 
5 IxCi of either [3H]thymidine or [3H]uridine was added to a number of wells. Four 
and 96 h after placement of the cells, the cultures were assessed for cell prolifer- 
ation, protein content, and incorporation of 3H into DNA and RNA. The cells from 
three wells were pooled after being mobilized by trypsin. Cells were washed twice 
in PBS, and suspended in PBS at a final volume of 1.0 ml. Cell number was de- 
termined by counting the cells in a hemocytometer. The protein content was de- 
termined by Lowry assay, using lysozyme as a standard (Lowry et al., 1951). The 
synthesis of RNA and DNA was assessed by lysing the cells with 1% sodium do- 
decylsulfate. Twenty microliters of cell lysate was then spotted on a Whatman pa- 
per disc, which was placed in 5% trichloroacetic acid (TCA). The incorporation 
of [3H]uridine or [3H]thymidine radiolabel into TCA precipitable counts was 
measured using a liquid scintillation counter. All determinations were performed 
in triplicate. 

Results 

The antiviral effect of methotrexate 
The effects of methotrexate on both MCMV and HCMV replication were com- 

pared to acyclovir and ganciclovir, using a plaque reduction assay (Table 1). 
Methotrexate produced a significant dose-related reduction in MCMV replication, 
which was comparable to both acyclovir and ganciclovir. Similarly, methotrexate 
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TABLE 1 

The concentrations (p,M) of methotrexate, acyclovir, and ganciclovir producing 50% inhibition of HCMV 
and MCMV plaque formation (EDs0) by stock virus pools in human foreskin fibroblasts and murine 
embryo cells respectively 

Drug Drug concentration (IxM) producing 50% plaque reduction 

MCMV HCMV 

Acyclovir 0.89 ND 
Ganciclovir 2.35 1.37 
Methotrexate 0.22 0.06 

ND, not done. 

was effective in inhibi t ing H C M V  replicat ion and was substant ia l ly  more  effective 
than  ganciclovir .  

To  de t e rmine  if the antiviral  effect of methot rexa te  was due to inhib i t ion  of 
d ihydrofola te  reductase ,  M C M V  and H C M V  repl icat ion was examined  in the 
presence  of 1 EDs0 of metho t rexa te  or ganciclovir  and various concen t ra t ions  of 
folinic acid (Table  2). Fol inic  acid abroga ted  the antiviral  effect of metho t rexa te  
against  bo th  M C M V  and H C M V ,  but  had no significant effect on the antiviral  ac- 
tivity of ganciclovir .  

Since me tho t rexa te  can directly effect thymidyla te  synthetase ( H u e n n e k e n s  et 
al., 1987), we examined  the ability of excess thymidine  to p reven t  the antiviral  ef- 
fects of metho t rexa te .  Thymid ine  at 1.0, 10, and  100 ~g/ml had no effect on the 
ability of 1 EDs0 methotrexate to inhibit H C M V  replication (data not shown). Thus, 
the ant iviral  activity of metho t rexa te  appears  to be media ted  by inhibi t ion  of dihy- 
drofola te  reductase ,  but  not  thymidyla te  synthetase.  

TABLE 2 

The effects of various concentrations of folinic acid on the inhibition of HCMV and MCMV plaque 
formation by 1 EDso methotrexate or ganciclovir 

Drug Virus titer (PFU/ml) a Folinic acid concentration b 

0 1 10 100 

A. HCMV 
none 112 - - - 
methotrexate (0.06 ~M) 33 ND 112 125 
ganciclovir (0.3 p,M) 51 ND 48 79 

B. MCMV 
none 95 - - - 
methotrexate (2.2 ixM) 10 21 80 74 
ganciclovir (1.4 txM) 45 60 57 40 

aMonolayers of MEC or HFF in 25 c m  2 flasks were inoculated with approximately 100 PFU of MCMV 
or HCMV. Following inoculation, cells were exposed to 1 EDs0 methotrexate and various concentra- 
tions of folinic acid. 
bConcentration of folinic acid (~g/ml). 
ND, not done. 
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Methotrexate cytotoxicity for MEC and HFF 
Metho t rexa te  has significant effects on the metabol ic  activities of  dividing cells, 

acting at a var iety of  sites. A t  high concentra t ions ,  metho t rexa te  is toxic to met-  
abolically active cells (Goldman,  1977; Jackson and Grindey, 1985; Jackson, 1987). 
There fo re ,  we examined  M E C  and H F F  cells for evidence of  metho t rexa te  in- 
duced cytotoxicity. At  concentrations of methotrexate above 20 ~xM, both HFF  and 
M E C  monolayer s  exhibited morphologica l  changes indicating cell toxicity. How-  
ever ,  at 1 EDs0 (0.22 txM for M C M V  and 0.06 ~M for H C M V ) ,  no morphologica l  
changes  indicating cellular toxicity were  evident  in either M E C  or HFF.  

Infect ion of  cells by both  M C M V  and H C M V  appears  to stimulate a number  of  
cellular metabol ic  functions,  and there is evidence that both  viruses may depend  
on these metabol ic  functions for  effective viral replication (Rapp ,  1983; Griffiths 
and Grundy ,  1987). There fore ,  we examined the effects of  methot rexa te  on cel- 
lular prol i ferat ion,  prote in  synthesis, and the incorporat ion of  [3H]uridine and 
[3H]thymidine into R N A  and D N A ,  respectively. In MEC,  0.1, 1.0 and 10 M C M V  
EDs0 of  me tho t rexa te  suppressed,  but  did not  eliminate,  protein synthesis and in- 
co rpora t ion  of  [3H]uridine (Table 3). Cell prol iferat ion was reduced  at 0.1 EDs0 
and comple te ly  e l iminated at 1 and 10 EDs0. The incorpora t ion  of  [3H]thymidine 
into D N A  was not  affected at 0.1 and 1 EDs0, but was increased at 10 EDs0. Com-  
parable effects of  methotrexate on cell proliferation, [3H]uridine and [3H]thymidine 
incorpora t ion ,  and prote in  synthesis were seen in H F F  (data not  shown).  As  with 
M E C ,  the incorpora t ion  of  [3H]thymidine into D N A  was significantly increased in 
H F F  in the presence  of  10 EDs0 (0.6 ~M) of  methotrexate .  This was presumably  
due to inhibit ion of  thymidyla te  synthetase,  and preferential  utilization of  the thy- 
midine kinase (TK) salvage pathway.  Since T K  is a periodic enzyme,  these data  
would  suggest that  cellular activities can still be induced in the presence of  meth-  
o t rexate  (Blakley and Vitols,  1968). 

TABLE 3 

The effects of methotrexate (0.1, 1.0, and 10 EDs0 ) or ganciclovir (1.0 and 10 EDs0 ) on mouse embryo 
cell (MEC) proliferation, [3H]thymidine and [3H]uridine a incorporation over a four day period 

Treatment EDs0 Cell count (× 10 4) 

DO D4 

[3H]thymidine incorpora- [3H]uridine incor- 
tion b (CPM) poration b (CPM) 

DO D4 DO D4 

No drug 27 127 517 21080 214 6139 
Methotrexate 0.1 c - 44 - 17801 4294 

1.0 - 23 - 20694 - 3614 
10 - 25 - 33587 - 2722 

Ganciclovir 1.0 c - 160 - ND - 6310 
10 - 65 - 11337 - 6031 

aMeasured by radiolabelled nucleoside incorporation into TCA precipitable counts. 
bMeasured as counts per minute per 20 ixl cell lysate. 
~l'he dose of drug producing 50% inhibition of MCMV (i.e. 1 EDs0 ) in MEC was 0.22 and 2.4 p.M for 
methotrexate or ganciclovir, respectively. 
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TABLE 4 

The effect of methotrexate (0.1, 1.0 and 10 EDs0 ) or ganciclovir (1.0 and 10 EDs0 ) on human foreskin 
fibroblast (HFF) proliferation, [3H]thymidine and [3H]uridine~' uptake over a four day period 

Treatment EDso Cell count (× 10 4) [3H]thymidine incorpora- [3H]uridine incor- 
tion b (CPM) poration b (CPM) 

DO D4 DO D4 DO D4 

No drug 
Methotrexate 

Ganciclovir 

10 30 67 6455 43 975 
0.1 c - 15 - 8596 - 1117 
1.0 - 15 - 8530 - 1009 

10 - 12 - 17484 - 820 
1.0 c - 23 - 10225 - 1440 

10 - 29 - 9974 - 1226 

~Measured by radiolabelled nucleoside incorporation into TCA precipitable counts. 
bMeasured as counts per minute per 20 ~1 cell lysate. 
~The dose of drug producing 50% inhibition of HCMV (i.e. 1 EDs0) in HFF was 0.06 and 1.4 ~M for 
methotrexate or ganciclovir, respectively. 

Discussion 

M e t h o t r e x a t e  is an a n t i m e t a b o l i t e  which b locks  the  act ivi ty  of  d ihyd ro fo l a t e  re-  
duc tase ,  an e n z y m e  which ca ta lyzes  the  conver s ion  of  d ihydrofo l i c  acid to t e t r ahy-  
drofo l ic  acid  ( Jackson  and G r i n d e y ,  1985). The  la t te r  c o m p o u n d  is i m p o r t a n t  in 
the  synthes is  of  nucle ic  acids,  affect ing the de novo  synthesis  of  pur ines  and the  
conve r s ion  of  u r id ine  m o n o p h o s p h a t e  to t hymid ine  m o n o p h o s p h a t e .  In  add i t ion ,  
m e t h o t r e x a t e  can affect  t hymidy la t e  syn the tase  and  ser ine  h y d r o x y m e t h y l  t rans-  
ferase .  A s  such,  m e t h o t r e x a t e  can affect  ce l lu lar  D N A  and R N A  m e t a b o l i s m ,  as 
well  as p ro t e in  synthesis .  A t  high concen t ra t ions ,  m e t h o t r e x a t e  is toxic to me ta -  
bo l ica l ly  act ive cells.  

Li t t le  a t t en t ion  has been  pa id  to the  ant iv i ra l  effects of  folic acid an tagonis t s ,  
such as m e t h o t r e x a t e ,  on cy tomega lov i rus  rep l ica t ion .  O u r  da ta  indica te  that  
m e t h o t r e x a t e  is a p o t e n t  inh ib i to r  of  bo th  M C M V  and H C M V  rep l i ca t ion  in vi t ro .  
T h e s e  s tudies  ind ica te  tha t  m e t h o t r e x a t e  is act ive at  concen t ra t ions  c o m p a r a b l e  to 
those  of  bo th  acyclovi r  and  ganciclovir .  The  ant iv i ra l  effect  of  m e t h o t r e x a t e  is me-  
d i a t e d  by  inh ib i t ion  of  d ihyd ro fo l a t e  r educ ta se ,  s ince its ant iv i ra l  effects are  abol -  
i shed  by  fol inic acid.  

A l t h o u g h  our  s tudies  ind ica te  tha t  m e t h o t r e x a t e  is a p o t e n t  inh ib i to r  of  H C M V  
and  M C M V  via  its ac t ion  on d ihyd ro fo l a t e  r educ ta se ,  its p rec i se  mechan i sm of  an- 
t iviral  ac t iv i ty  r ema ins  undef ined .  M e t h o t r e x a t e  is known  to inhibi t  D N A  synthe-  
sis by  inh ib i t ion  of  t h y m i d y l a t e  syn the tase  and by inhib i t ion  of  pur ine  synthesis .  
A l t h o u g h  the  inh ib i t ion  of  D N A  synthesis  in M E C  and H F F  cells was not  abso-  
lu te ,  it m a y  well  be  tha t  the  r educ t ion  of  D N A  synthesis  was sufficient to suppress  
C M V  replicat ion.  Al te rna t ive ly  metho t rexa te  may  inhibit a cellular function needed  
by  C M V  to rep l i ca te .  D u r i n g  viral  infec t ion ,  the  cy tomega lov i ruses  a re  k n o w n  to 
s t imula t e  ce l lu lar  m e t a b o l i s m ,  and a p p e a r  to  d e p e n d  on a n u m b e r  of  ce l lu lar  func- 
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tions for effective virus replication (Rapp, 1983; Griffiths and Grundy, 1987). While 
the precise functions are unknown, they appear to require protein synthesis. 
Methotrexate ,  by virtue of its effect on purine synthesis, also affects RNA metab- 
olism, and ultimately, protein synthesis. Thus it is possible that methotrexate acts 
by preventing the induction of cellular functions which are needed for CMV rep- 
lication. It is interesting, however, that the [3H]thymidine incorporation data for 
HFF indicated that the thymidine kinase (TK) pathway was operative in the pres- 
ence of 10 EDs0 methotrexate.  TK, the enzyme in this periodic salvage pathway, 
is generally seen in cells only after induction (Blakley and Vitols, 1968). Its pres- 
ence indicates that the doses of methotrexate which are effective in inhibiting virus 
replication were not sufficient to prevent the induction of thymidine kinase. Thus, 
further work will be needed to determine the antiviral mechanism of methotrex- 
ate. 

Methotrexate has been used as an antimetabolite in clinical practice for over two 
decades (Chabner et al., 1975). Although it is potentially toxic in high doses or 
prolonged administration, judicious use of this agent has been useful in a number 
of disease states. Doses of methotrexate of 25 to 100 mg/m 2 generally produce blood 
levels of 1 to 100 poM, 60 times the in vitro EDs0 for HCMV (Calabresi and Parks, 
1985). However ,  toxicity is known to develop with prolonged methotrexate levels 
of 0.1 ixM, 6 times the EDs0. The clinical utility of methotrexate in CMV infec- 
tions in vivo is not known. Although toxicity may limit its clinical utility in vivo, 
the potential of methotrexate as an antiviral agent for CMV infections merits fur- 
ther investigation. 
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